Phenotypic, genotypic, and transcript level (microarray) data from an interspecific backcross population of Eucalyptus grandis and Eucalyptus globulus were integrated to dissect the genetic and metabolic network underlying growth variation. Transcript abundance, measured for 2,608 genes in the differentiating xylem of a 91 (E. grandis 3 E. globulus) 3 E. grandis backcross progeny was correlated with diameter variation, revealing coordinated down-regulation of genes encoding enzymes of the lignin biosynthesis and associated methylation pathways in fast growing individuals. Lignin analysis of wood samples confirmed the content and quality predicted by the transcript levels measured on the microarrays. Quantitative trait locus (QTL) analysis of transcript levels of lignin-related genes showed that their mRNA abundance is regulated by two genetic loci, demonstrating coordinated genetic control over lignin biosynthesis. These two loci colocalize with QTLs for growth, suggesting that the same genomic regions are regulating growth, and lignin content and composition in the progeny. Genetic mapping of the lignin genes revealed that most of the key biosynthetic genes do not colocalize with growth and transcript level QTLs, with the exception of the locus encoding the enzyme S-adenosylmethionine synthase. This study illustrates the power of integrating quantitative analysis of gene expression data and genetic map information to discover genetic and metabolic networks regulating complex biological traits.
Wood is composed of secondary xylem, a highly specialized conductive and structural support tissue produced by lateral growth and differentiation of the meristematic vascular cambium (Fukuda, 1996) . Genes expressed during the developmentally regulated process of xylogenesis determine the physical and chemical properties of wood. The product of xylogenesis represents one of the world's most important natural resources, yet relatively little is known about the genetic regulation of this process. Wood serves as a renewable source of energy, and it is a sink for atmospheric carbon. Wood is also the raw material for the global pulp and paper, and timber industries. The growth and development of trees and other woody plants are fundamental determinants of the dynamics and composition of forest ecosystems.
At the plant cell level, growth is determined by cell division and expansion. Expansion is driven primarily by internal osmotic pressure generated by water uptake. Expansion is constrained by the cell wall and depends on cell wall composition and the degree of association between its different components (Buchanan et al., 2000) . Growth of secondary xylem results from a sequential developmental process that begins with cambial cell division, followed by cell expansion, secondary wall formation, lignification, and programmed cell death (Fukuda, 1996) . Wood growth has been associated with the number and rate of cell divisions at the meristematic cambium (Gregory and Wilson, 1968; Wilson and Howard, 1968; Zobel and van Buijtenen, 1989) . Indole-3-acetic acid has been shown to function as a positional signal for xylem differentiation (Uggla et al., 1998; Mellerowicz et al., 2001) . Specific transcription factors, such as members of the R2R3-MYB gene family, are also likely to control lignification during xylogenesis (Patzlaff et al., 2003) . Despite the progress in defining the molecular and cellular processes involved, the mechanisms that determine the rate of xylogenesis (wood growth) and variation in wood properties remain largely unknown.
Variation in growth rate of woody plants has been studied using quantitative trait locus (QTL) mapping (Bradshaw and Stettler, 1995; Grattapaglia et al., 1996; Plomion et al., 1996) . Most studies have identified one to three major QTLs for growth traits, explaining in combination from 13% (Grattapaglia et al., 1996) to more than 27% (Wu, 1998) of the phenotypic variation in eucalypt, pine, or poplar. Identification of genes underlying growth QTLs could provide important clues about the biological processes that control trait variation. While much progress has been achieved in QTL analysis methods, only a few studies have identified specific genes that underlie QTLs (Flint and Mott, 2001; Glazier et al., 2002; Korstanje and Paigen, 2002; Morgante and Salamini, 2003) .
Our understanding of the cellular and genetic mechanisms that regulate growth in forest trees can be expanded by large-scale analysis of gene expression, such as microarray analysis (Schena et al., 1995) . Microarrays have identified clusters of coexpressed genes (Eisen et al., 1998) and allowed inferences about biological processes implicated in plant development and environmental responses (Wullschleger and Difazio, 2003) . Recently, the value of microarrays to elucidate the genetic control of gene expression variation was demonstrated in mice and Drosophila melanogaster (Karp et al., 2000; Eaves et al., 2002; Wayne and McIntyre, 2002) . Microarrays have been used to determine gene expression levels in segregating populations and identify genomic regions (gene expression QTLs, or eQTLs) explaining transcript variation in coregulated genes (Brem et al., 2002; Schadt et al., 2003; Yvert et al., 2003) . When correlated with phenotypic data from a quantitative character, this approach has successfully identified positional candidate genes by colocalizing gene expression QTLs and trait QTLs (Schadt et al., 2003) .
Genotypic, phenotypic, and transcript level data were integrated to identify genes controlling growth variation in the forest tree species Eucalyptus. We studied the association between phenotypic variation in diameter growth and the transcript levels of 2,608 cDNAs in the progeny of an elite hybrid of Eucalyptus grandis and Eucalyptus globulus. E. grandis is known for rapid growth and E. globulus for superior wood quality. The backcross progeny of the E. grandis 3 E. globulus hybrid is particularly suited for the dissection of the molecular mechanisms involved in growth variation because of the genetic diversity and wide segregation that is observed in this population. We have previously genetically characterized this E. grandis backcross progeny (Myburg et al., 2003) , and QTLs for diameter growth were identified in the genetic linkage maps of the F 1 hybrid backcross parent (Myburg, 2001 ). In the work reported here, the signal intensity measured on microarrays was used as a quantitative indicator of transcript level variation (Brem et al., 2002; Schadt et al., 2003) and was correlated with quantitative variation of tree growth in this progeny. This analysis revealed coordinated reduction of transcript levels for genes encoding enzymes involved in lignin biosynthesis in the progeny that displayed superior growth (relative to slow growing progeny). This down-regulation of lignin gene transcripts was correlated with direct measurements of lignin content. Quantitative genetic analysis of gene expression indicated that eQTLs for expression of lignin-related genes colocalize with growth QTLs, indicating common regulation.
RESULTS

QTL Analysis of Diameter Growth
A progeny of each of 186 individuals from an F 1 hybrid (E. grandis 3 E. globulus), backcrossed to an unrelated E. grandis, was previously genotyped with AFLP markers, and genetic maps were generated for the two progeny parents (Myburg et al., 2003) . QTL analysis of diameter growth at breast height was carried out for a subset of 91 individuals from this mapping population. These individuals were cloned as rooted cuttings and represent the same range of variation in growth observed in the larger mapping population. QTL analysis by composite interval mapping (Zeng, 1993 (Zeng, , 1994 identified two highly significant QTLs (experimentwise a 5 0.01) on linkage group 4 (39.7 cM) and linkage group 9 (71.1 cM) of the F 1 hybrid (paternal) map (Fig. 1) , with likelihood ratios of 26.8 and 18.0, respectively. The two QTLs were of opposite effect, with the QTL on linkage group 4 having a positive additive effect of 1.5 cm, and the QTL on linkage group 9 a negative additive effect of 1.25 cm. The two QTLs jointly explain approximately 30% of the phenotypic variation in growth observed in this family. A marginally significant QTL (likelihood ratio of 12) with negative effect was detected on linkage group 11 (12 cM).
Transcript Profiles of the E. grandis Backcross Progeny
To identify genes whose expression patterns are associated with growth variation in the segregating backcross progeny, transcript levels were estimated for 2,608 cDNAs on a microarray, for each of the 91 individuals of the E. grandis backcross family. These cDNAs represent putative homologs of genes known to be, or are potentially, involved in wood formation. Differentiating xylem tissue was collected during the peak of the growing season to maximize the probability of identifying genes associated with growth variation in this cross. The microarray data were analyzed using two sequential mixed linear models (Jin et al., 2001; Wolfinger et al., 2001) to normalize the data and identify genotypic effects on gene expression. Relative transcript levels were estimated for each individual and each cDNA using least square means. The microarray raw intensity data are deposited in the Gene Expression Omnibus database.
Transcript Level and Growth Correlation
Each cDNA was tested for association between transcript level and diameter growth variation in the backcross progeny using correlation analysis (Neter et al., 1996) . The expression patterns of a total of 26 genes were significantly correlated with growth, after a Bonferroni correction for 2,608 tests (individual test significance threshold of 0.000019, corresponding to an experimentwise a 5 0.05). A slightly less stringent criteria was adopted (individual test significance threshold of 0.0001) to include a larger sample for further analysis. Lowering the stringency added 11 genes to the set of 26 that were initially identified. The transcript levels estimated for these genes were all negatively correlated with growth (Fig. 2) . The most significant correlation was observed for a cDNA representing a putative coniferaldehyde 5-hydroxylase (Cald5H; expressed sequence tag [EST] CD66980; Meyer et al., 1996) , also called ferulate 5-hydroxylase, an enzyme at the branch of the phenylpropanoid Figure 2 . Association between gene expression and diameter variation. The E. grandis backcross progeny is ranked according to diameter (x axis) and negative (A) or positive (B) correlation between relative transcript level and diameter variation (y axis). Least square means estimates of transcript levels were normalized relative to the mean of each gene across the population. Red represents higher and green represents lower expression relative to the other individuals of the population, for each specific gene. Black indicates no change in mRNA levels. GenBank accession numbers and putative functions are displayed on the right. Genes represented by multiple cDNAs are represented by the most highly correlated, and those related to lignin biosynthesis are indicated by asterisks.
pathway toward syringyl monolignol biosynthesis (Franke et al., 2000; Li et al., 2000) . Transcript variation of Cald5H explains 38% of the diameter growth variation in this E. grandis backcross family (Fig. 3) . The majority of the other significantly correlated genes are homologs of enzymes involved in lignin biosynthesis and the phenylpropanoid pathway, including cinnamate-4-hydroxylase (C4H; EST CB967509), 4-coumarate-3-hydroxylase (C3H; EST CD668901), caffeoyl-CoA O-methyltransferase (CCoAOMT; EST CD670106), and O-methyltransferase (OMT; ESTs CD668820 and CD670000; Fig. 4 ). Negative correlation was also observed for two ESTs representing the enzyme cinnamyl alcohol dehydrogenase (CAD; ESTs CD668552 and CD669708). Lack of additional sequences for Eucalyptus does not allow us to determine whether they represent the same gene or if those are independent genes from the same gene family.
This set of coordinately regulated genes included all but two enzymes of the phenylpropanoid pathway, 4-coumarate:CoA ligase (4CL) and cinnamoyl-CoA reductase (CCR), which were represented in the microarray. CCR was represented by one cDNA (EST CB967622), which generated a product of poor quality when amplified by PCR, and, therefore, its correlation with growth remains inconclusive. Four cDNA clones representing 4CL (ESTs CD668307, CD669076, CD668571, and CD669589) were included in the array and produced nonsignificant correlation with growth, suggesting that it may not be subject to the coordinated regulation of the other enzymes of the pathway. 4CL may be subject to different regulation, or there could be no variation for its transcript levels in this cross.
cDNAs that were negatively correlated with growth included those representing genes encoding two enzymes of the shikimate pathway, phospho-2-dehydro-3-deoxyheptonate aldolase synthase (DAHP; EST CD668692) and chorismate mutase (CM; ESTs CD669878 and CB967683), and three enzymes involved in S-adenosylmethionine biosynthesis (Met metabolism), S-adenosylmethionine synthase (SAMS; EC:2.5.1.6, EST CB967747), homo-Cys S-methyltransferase (HMT; EC:2.1.1.14, ESTs CD669142, CD669275, and CD967988), and adenosylhomocysteinase (SAH; EC:3.3.1.1, EST CB967558). The shikimate and Met pathways are both involved in the biosynthesis of substrates for the phenylpropanoid pathway, L-Phe (shikimate) and S-adenosylmethionine (Met; Fig. 4 ). Additional genes negatively associated with growth included the putative Eucalyptus homologs of a vacuolar-sorting receptor homolog (EST CB967628), genes involved in carbohydrate metabolism (b-[1-3]-glucosyltransferase, polygalacturonase, acetyl-CoA synthetase), and several hypothetical and putative proteins.
Genes with transcript levels positively correlated with growth were not significant at the individual test significance threshold of 0.0001. Ten genes were correlated with diameter growth at a lower stringency (individual test significance threshold of 0.001; Fig. 2 ). This included a putative xyloglucan endo-transglycosylase (EST CD669576), which is a member of a gene family involved in cell expansion (Darley et al., 2001; Bourquin et al., 2002) , and other cell wall associated genes, such as a pectin methyl-esterase (EST CD668958).
Transcript and Growth Variation Is Associated with Changes in Lignin Content and Quality
To confirm that the variation in expression of the lignin-related genes correlated with diameter growth translated into actual changes of lignin content and composition, eight individuals from the E. grandis backcross progeny were selected for lignin analysis from each of the extremes of the gene expression and growth distributions. Angiosperm lignin is composed of guaiacyl and syringyl monolignol units, which determine lignin's reactivity during hydrolysis (Sarkanen et al., 1967) . Lignin composition is measured based on its constituent ratio of syringyl and guaiacyl monomers (S to G ratio). Lignin content and S to G ratios confirmed the expectation from the microarray analysis (Fig. 5) . The lignin fraction (acid soluble and insoluble lignin) of the wood averaged 22.5% (0.6% SE) in the fast-growing trees and 24.8% (1% SE) in the slow-growing trees (Fig. 5B) . Considering only the lignin fraction of the wood, lignin content was 10% lower in fast-growing individuals. Substantial differences were also observed in S to G ratios. S units were 38% more abundant in slow-growing trees (Fig. 5C ), correlating well with the expected role of Cald5H in the synthesis of S units (Franke et al., 2000; Li et al., 2000) , the higher Cald5H transcript levels detected in slow growers, and the colocalization of Cald5H expression QTLs with growth QTLs (see below).
Correlated Expression of Lignin-Related Genes
Next, it was tested whether the correlation between transcript levels of the lignin-related genes and growth also translated into a strong correlation among the genes themselves. Lack of correlation among genes of the pathway would suggest independent regulation of gene expression, while the opposite would support the hypothesis that they are under a higher level of genetic control by a limited number of genetic loci. Lack of correlation may also be due to the absence of genes in an existing regulatory network, on the microarray. An analysis of correlation revealed a highly significant (P value ,0.0001) association among the expression levels of the genes encoding enzymes of the phenylpropanoid (Cald5H, C4H, C3H, CCoAOMT, OMT, and CAD), shikimate (DAHP and CM), and Met (SAMS, HMT, and SAH) pathways (Table I ). The strongest correlation (R 2 5 0.82) was detected between two adjacent enzymes in the pathway, Cald5H and OMT, while C4H displayed comparatively weak correlations with all the other genes.
Gene Expression QTLs and Colocalization with Growth
Identification of the gene or genes responsible for coordinated regulation of lignin biosynthesis and growth is difficult due to the lack of genomic infor- mation for Eucalyptus. However, mapping of QTLs for gene expression levels (eQTLs) can provide information about regulation by common trans-acting elements, where such elements are genetically located, and how many major loci are involved. The least square means estimates obtained for the cDNAs of the genes encoding enzymes of the phenylpropanoid, shikimate, and Met pathway were combined with the F 1 hybrid paternal framework marker data for genome-wide QTL detection scans, using composite interval mapping. With the exception of C4H, eQTLs were detected (at likelihood ratios .11) for all the genes encoding enzymes involved in lignin biosynthesis that were previously identified as highly correlated to growth (Fig. 6 ). All these genes share a common eQTL, which overlaps with the QTL for growth identified in linkage group 9, with the exception of CM (likelihood ratio at linkage group 9 5 8.1). The majority of these genes also have an eQTL on linkage group 4, which in most cases colocalizes with the growth QTL identified in this linkage group. The presence of pair-wise epistatic interactions between eQTLs was evaluated by multiple interval mapping analysis (Kao et al., 1999) , but no significant interactions were detected for the lignin-related genes (data not shown).
Gene Mapping
These results suggest that transcription of these genes is either regulated by trans-acting transcriptional regulators, or that these genes colocalize to the same genomic regions. To evaluate these hypotheses, we mapped some of the genes onto the genetic map of the F 1 hybrid (Fig. 6) . The mapping results indicate that they are located in various linkage groups, generally not in the same location as their own eQTLs, therefore supporting the hypothesis that they are regulated by trans-acting factors. Genetic location of none of these genes overlaps the growth or gene expression QTLs, with the exception of the SAMS gene, which colocalizes with the growth and gene expression QTLs identified on linkage group 4. SAMS is involved in providing methyl groups for lignin biosynthesis and could represent a regulatory or ratelimiting step. Other regulatory genes involved in the control of transcript levels of genes of the phenylpropanoid, shikimate, and Met-pathway genes may not have been represented in the cDNA microarray or could be regulated other than at the transcript level.
DISCUSSION
We have characterized segregating transcript profiles in an interspecific backcross to E. grandis using microarrays containing 2,608 cDNAs and integrated the phenotypic, genotypic, and transcript data to identify metabolic and regulatory networks implicated in growth variation. Analysis of the association of mRNA abundance patterns in this backcross pedigree revealed that the expression of genes involved in lignin biosynthesis and associated methylation pathways is negatively correlated with diameter growth and is predictive of lignin content and quality in these trees. eQTL analysis of these genes revealed common regulatory loci and colocalization of lignin eQTLs with growth QTLs.
Lignin is the second most abundant component of wood, to which it confers strength, impermeability, and protection against pathogens. Lignin also represents a major obstacle to the efficient use of plant cell wall carbohydrates and plant fibers in food, forage, biomass energy conversion, and wood processing for pulp and paper production. High lignin levels, as one of the main sinks for carbon in the xylem, could limit availability of carbon for cell division and growth. Therefore, higher carbohydrate consumption for more lignin biosynthesis may have a negative effect on growth rate. Alternatively, the lower lignin content detected in fast-growing trees could be a secondary effect resulting from different genetic factors. However, evidence for a primary effect of lignin on growth comes from studies of transgenics where down-regulation of specific genes of the lignin biosynthetic pathway in aspen (Populus tremuloides Michx.) resulted in a significant increase in growth (Hu et al., 1999; Li et al., 2003) . In loblolly pine (Pinus taeda), a 50% reduction of CAD enzyme activity was associated with a growth increase of 14% (Wu et al., 1999) . Although complex biological traits, such as diameter growth, may be affected by many different physiological processes, we propose that a higher rate of lignin biosynthesis is directly related to reduced growth in this hybrid population. The negative effect of lignin on growth could be due to competition for carbon flow or other mechanisms.
Quantitative analysis of transcript variation measured in widely segregating E. grandis 3 E. globulus backcross progeny demonstrated the power of microarray technology to dissect complex traits and investigate metabolic networks. Microarray analysis identified coordinate transcription of genes encoding most enzymes of the monolignol biosynthesis branch of the phenylpropanoid pathway, as previously described in Arabidopsis (Harmer et al., 2000) and loblolly pine (Anterola et al., 2002) . Our results suggest that this orchestrated transcription extends to other genes in associated metabolic pathways. This includes DAHP and CM from the shikimate pathway, which generates the primary substrate of the phenylpropanoid pathway, L-Phe. These two enzymes are typically inhibited in microbes by a feedback mechanism triggered by excess of L-Phe (Ogino et al., 1982) . In Arabidopsis, two of the three existing isoforms of CM are inhibited by L-Phe (Mobley et al., 1999) . Other coexpressed genes included SAMS, HMT, and SAH, which encode three enzymes of the Met pathway and provide methyl groups for monolignol biosynthesis. SAMS, HMT, and SAH are some of the most abundant ESTs found in cDNA libraries made from immature xylem tissue of loblolly pine undergoing compression wood formation (M. Kirst, unpublished data), a tissue with high lignin content relative to normal wood. The underexpression of SAMS has been shown to result in a decrease of lignin content in maize (Zea mays; Shen et al., 2002) . The coordination of transcript profiles is consistent with the importance of the shikimate and Met pathways in lignin biosynthesis and suggests that transcription of many of the genes in these pathways are under a higher level of coordinated control.
The correlation of gene expression in a segregating progeny can also extend our knowledge about other genes in these pathways. cDNAs representing previously uncharacterized or hypothetical genes, which are strongly correlated with lignin-related genes (such as ESTs CB967589, CD669435, and CB967636) are likely to be involved in this biological process. Similarly, new functions can be tentatively assigned to previously characterized genes that had not been described in the context of lignin biosynthesis, such as a spot 3 protein and a vacuolar sorting receptor homolog (ESTs CB967628 and CD668320).
The QTLs for gene expression and growth colocalized to a high extent, suggesting that a relatively small number of major-effect genes affect growth and lignin biosynthesis in this cross. Several genes encoding enzymes in the general phenylpropanoid pathway and in the synthesis of lignin precursors contain common motifs that are recognized by specific transcription factors, such as MYBs (Borevitz et al., 2000; Patzlaff et al., 2003) . The QTLs we identified here could represent such transcription factors. Alternatively, individual genes or clusters of genes could be directly involved through mechanisms such as feedback control, which is known to affect the shikimate and phenylpropanoid pathways (Blount et al., 2000; Guillet et al., 2000) . Genetic mapping of candidate genes identified in this study revealed genetic colocalization of SAMS with growth and lignin gene expression QTLs. SAMS' role as the last enzyme in the synthesis of S-adenosylmethionine and its negative effect on the levels of lignin in transgenic maize plants (Shen et al., 2002) suggest that it is an important candidate for further analysis. SAMS may represent a rate-limiting step in lignin biosynthesis. Many other candidate genes that have not been mapped could be located in the same QTL interval. Therefore, a larger collection of genes might identify other candidate genes involved in the regulation of expression of lignin genes.
Efforts to genetically dissect growth traits in forest species have typically identified three to five QTLs (Bradshaw and Stettler, 1995; Grattapaglia et al., 1996; Plomion et al., 1996; Byrne et al., 1997; Wu, 1998; Kaya et al., 1999) , which, in combination, accounted for from 13% to 27% of the phenotypic variation. QTLs identified in forest species are typically unstable from age to age (Verhaegen et al., 1997; Emebiri et al., 1998) , implying that different genes regulate growth during different stages of growth and development. QTLs identified by phenotypic measurements carried out after several years are likely to represent the accumulated effect of QTLs over the tree lifetime (Weng et al., 2002) . Therefore, expression variation assessed at maturity may not reflect differences in expression in the initial years. Growth rate measured on forest species typically has low heritability, indicating that the phenotypic variation is highly dependent on the environment. Possibly only a fraction of the composite number of loci affecting growth play a role in the variation of this hybrid cross, making it easier to dissect genetically. Additional gene expression studies of the progeny, carried out over several years, will tell us more about the stability of the correlation of lignin biosynthesis and growth.
Finally, this work follows from a previous study, in which variation in transcript abundance of the Eucalyptus homolog of the Arabidopsis RCI2 gene explained one-fourth of the phenotypic variation in wood density, twice the amount explained by a QTL identified for the trait (11%; Kirst, 2004) . Here, we identified a large set of genes with correlated response relative to transcript abundance and growth, and which explained up to 38% (Cald5H) of the variation in the growth of the progeny. This accounts for more of the growth variation than that explained by each of the two major QTLs individually (18% and 12%) or jointly (approximately 30%). Previous estimates generated from QTL analysis of diameter growth on the entire mapping population indicated a lower proportion (approximately 20%) of the phenotypic variation explained. This result suggests that transcript variation at a gene underlying a QTL is a better predictor of phenotype because transcript level may represent genetic, environmental, and developmental sources of variation that are unaccounted for by the QTL analysis of growth.
MATERIALS AND METHODS
Eucalyptus grandis Backcross Pedigree, Genetic Maps, and QTL Analysis
An F 1 hybrid from E. grandis (tree G50) and Eucalyptus globulus (unknown parent in a pollen mix) was backcrossed to an unrelated E. grandis individual (tree 678.2.1) to generate the E. grandis backcross population (Myburg et al., 2003) . A subset of 91 individuals from the original E. grandis backcross population was clonally propagated as rooted cuttings and planted on a similar site as the original mapping population near Paysandú (Uruguay). Identification of QTLs for growth, measured as diameter at breast height at 20 months, was performed using composite interval mapping (window size of 10 cM; Zeng, 1993 Zeng, , 1994 in a subset of framework markers with approximately 10 cM spacing, using Windows QTL Cartographer (Department of Statistics, North Carolina State University, Raleigh; Basten et al., 2000) . Likelihood ratio thresholds were determined by permutation testing (Churchill and Doerge, 1994; Doerge and Churchill, 1996) .
Microarray Design
cDNAs included in the microarray were selected from a unigene set derived from approximately 14,000 ESTs sequenced from five cDNA libraries from E. grandis (differentiating xylem, juvenile and adult leaf, petiole and root) and two libraries from Eucalyptus tereticornis (flower). EST sequences were annotated based on similarity (BLASTX E value , 1E25) to the latest version of Arabidopsis predicted protein sequences (ftp://ftpmips.gsf.de/cress/ arabiprot/) and were functionally classified according to the Gene Ontology Consortium (Ashburner et al., 2000) . The microarray comprised 2,608 cDNAs that included the unigene set derived from the differentiating xylem cDNA library (555 cDNAs) and ESTs annotated in the following functional categories: cell wall organization and biogenesis (GO:0007047, 117 cDNAs), cytoskeleton organization and biogenesis (GO:0007010, 91 cDNAs), secondary metabolism (GO:0009699, 187 cDNAs), protein targeting (GO:0006605, 764 cDNAs), cell communication and signal transduction (GO:0007154, GO:0007165; 514 cDNAs), stress response and defense response (GO:0006950, GO:0006952, 441 cDNAs), amino acid metabolism (GO:0006520, 166 cDNAs), nitrogen and sulfur metabolism (GO:0006807, GO:0006790, 69 cDNAs), nucleotide metabolism (GO:0009117, 113 cDNAs), phosphate metabolism (GO:0006796, 134 cDNAs), c-compound and carbohydrate metabolism (GO:0005975, GO:0006730, 387 cDNAs), cell growth, division, and DNA synthesis (GO:0007049, GO:0006259, 262 cDNAs), mRNA transcription (GO:0009299, 333 cDNAs), protein biosynthesis (GO:0006412, 182 cDNAs), transport (GO:0006810, 231 cDNAs), and energy pathways (GO:0006091, 335 cDNAs). Gene Ontology functional categories overlap and therefore many genes are classified into more than one category. Considering the annotation of the Arabidopsis predicted protein sequences, the minimum number of unique features in the cDNA microarray is estimated to be 2,000. cDNA sequences are deposited in GenBank. cDNA clones were amplified by PCR, purified in Multiscreen 96-well filtration plates (Millipore, Bedford, MA), screened for quality in agarose gels, and printed in duplicate on aminosilane-coated glass slides (Corning, Corning, NY) using an Affymetrix 417 Spotter (Santa Clara, CA).
Tissue Collection, RNA Preparation, and Gene Expression Profiling
Differentiating xylem was collected from 20-month-old trees growing in a field plot in Paysandú , Uruguay, over a period of two consecutive days during the peak of the growing season. Tissue was scraped from the entire surface of the first 2 m of the stem. To avoid RNA degradation and gene expression responses to wounding, the bark was removed progressively as the scraping proceeded from top to bottom. The entire procedure consumed less than 5 min per tree. Immediately upon each scrape, the collected tissue was submerged and stored in RNAlater solution (Ambion, Austin, TX) maintained at 10°C to 15°C and transferred to a 220°C freezer within 8 h. The tissue samples were transported to Raleigh (North Carolina) frozen in RNAlater. Upon arrival, samples were transferred to a 280°C freezer, where they remained for 2 to 4 weeks until RNA extraction was carried out. RNA extraction (Chang et al., 1993) was followed by purification in RNAeasy plant mini kit (Qiagen USA, Valencia, CA) columns. RNA integrity was evaluated on agarose gels. Absorbance 260/280 ratios between 1.8 and 2.2 were typically obtained. Total RNA was reverse transcribed, labeled, and hybridized following the aminoallyl labeling method (Hegde et al., 2000) . Slides were scanned and the images processed using a ScanArray 4000 Microarray Analysis System scanner and the QuantArray software (Packard Bioscience, Meriden, CT). Signal intensity measurements were deposited in the Gene Expression Omnibus database under the accession numbers GPL348 (Platform), GSM7637 to GSM7727 (Sample), and GSE502 (Series).
Microarray Experimental Design and Statistical Analysis
The experiment followed a loop design (Churchill, 2002) to maximize the number of sampled individuals, while biologically replicating each genotype twice (Cy3 and Cy5). Raw signal intensity values were transformed (log 2 ) and analyzed using two interconnected ANOVA models (Jin et al. 2001; Wolfinger et al., 2001 ), using PROC MIXED in SAS (SAS Institute, Cary, NC). The normalization ANOVA model y ijk 5 m 1 A i 1 D j 1 P k 1 (A 3 D) ij 1 (A 3 P) ik 1 (D 3 P) jk 1 (A 3 D 3 P) ijk 1 e ijk was used to account for systematic (experiment-wide) sources of variation associated with array (A i , degrees of freedom (df) 5 90, random effect), dye (D j , df 5 1, fixed effect) and pin effects (P k , df 5 3, fixed effect), and interactions. The residuals were treated as normalized values and analyzed in the following ANOVA model (gene model), where the effect of the tree genotypes was evaluated for each gene individually: r ilm 5 m 1 A i 1 N(A) l(i) 1 T m 1 e ilm . T m (df 5 90, fixed effect) represents effect of the individual tree, or genotype, on the expression of every gene, from which least square means estimates were calculated. Array (A i , df 5 90, random effect) was included in the model to control for spot effect (Jin et al., 2001; Wolfinger et al., 2001) . Each spot printed on one array, for one specific gene, may contain features that are unique (DNA concentration, for instance) relative to the same spot for that same gene, printed on a different slide. Because two different sample mRNAs (one labeled with Cy3 and the other with Cy5) are hybridized to the same slide, the array effect is included to account for covariation between the two samples because they are hybridized to the same spots. Finally, N(A) l(i) (df 5 91, random effect) accounts for the spot replication within slides. Failure to account for spot replication results in an artificial inflation of the significances because they do not represent true biological replicates (not independently labeled and hybridized RNA samples; Jin et al., 2001; Churchill, 2002) . Interactions between biological (e.g. tree genotype) and technical effects (e.g. array) were evaluated in a complete model and were not found to be significant. Residuals were visually inspected using JMP (SAS Institute) to confirm that consistency of error variances and normality of error terms were obtained. We have previously confirmed the value of quantitative estimates of gene expression for the same dataset (Kirst, 2004) . Analyses of correlations were carried out using the Multivariate and Fit model functions in JPM release 5.0 (SAS Institute).
Lignin Content and Monolignol Composition
Cell walls were saponified with 1 M NaOH for 16 h at room temperature, and lignin was extracted and quantified following a microscale Klason method (Kaar and Brink, 1991) . Absolute amounts of the guaiacyl (G units) and syringyl (S units) lignin monomers were quantified by derivatization followed by reductive cleavage and solubilization with acetyl bromide (DFRC method of Lu and Ralph, 1997) . Reductive cleavage using zinc dust in acetic acid and acetylation was carried out in dichloromethane containing acetic anhydride and pyridine. Samples were dried and stored in the dark for subsequent gas chromatography analysis. The derivatization followed by reductive cleavage process generates 4-acetoxycinnamyl acetate monomers of guaiacyl and syringyl units, which were quantified by gas chromatography using standards provided by John Ralph (Dairy Forage Research Center, U.S. Department of Agriculture) and selective ion monitoring.
Gene Expression QTLs
Least square means estimates of transcript levels were used for QTL analysis using composite interval mapping (Zeng, 1993 (Zeng, , 1994 implemented in Windows QTL Cartographer (window size of 10 cM; Basten et al., 2000) . Empirical thresholds adopted were determined as described previously (Kirst, 2004) .
Gene Mapping
Primers used to PCR-amplify Cald5H, DAHP, SAMS, HMT, and SAH were designed based on EST sequences derived from E. grandis xylem ESTs and are described in Table II . CAD was mapped previously in this population by Myburg (2001) . Genes were mapped by genotyping 96 to 160 individuals from the original mapping population using single strand conformation polymorphism (Suzuki et al., 1990; Maruya et al., 1996) and silver staining (Bassam et al., 1991) .
Sequence data from this article have been deposited with the EMBL/ GenBank data libraries under accession numbers CB967505 to CB968059, CD667988 to CD670002, CD670004, CD670097, CD670101 to CD670112, and CD670114 to CD670137.
